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Abs t rac t  
S i n g l e  c r y s t a l  supera l l cys  were f i r s t  i d e n t i -  
f i e d  as p o t e n t i a l l y  use fu l  engineer ing m a t e r i a l s  
f o r  a i r c r a f t  gas t u r b i n e  engines i n  t h e  mid-1960's. 
Although t h e y  were n o t  in t roduced i n t o  s e r v i c e  as 
t u r b i n e  b lades i n  commercial a i r c r a f t  engines 
u n t i l  t h e  e a r l y  1980's, t hey  have subsequently 
accumulated tens  o f  m i l l i o n s  f l i g h t  o f  hours i n  
revenue producing service. 
p o t e n t i a l  advanced ea r th - to -o rb i t  p ropu ls ion  sys- 
tems impose severe cond i t i ons  on turbopump tu rb ine  
b lades which f o r  some p o t e n t i a l  f a i l u r e  modes are 
more severe than  i n  a i r c r a f t  gas tu rb ines .  Th is  
paper w i l l  d iscuss research a c t i v i t i e s  which a re  
d i r e c t e d  a t  eva lua t i ng  t h e  p o t e n t i a l  f o r  s i n g l e  
c r y s t a l  supera l l oys  f o r  a p p l i c a t i o n  as turbopump 




w The space s h u t t l e  main engine (SSME) and 
I n t r o d u c t i o n  
I n  t h e  1960's, P r a t t  and Whitney A i r c r a f t  
pioneered t h e  a p p l i c a t i o n  o f  d i r e c t i o n a l l y  s o l i d i -  
f i e d  p o l y c r y s t a l l i n e ,  nickel-base supera l l oys  as 
t u r b i n e  a i r f o i l s  i n  a i r c r a f t  p ropu ls ion  systems. 
A n a t u r a l  extens ion o f  t h a t  technology was d i rec -  
t i o n a l l y  s o l i d i f i e d  s i n g l e  c r y s t a l  cast ings,  which 
P r a t t  and Whitney A i r c r a f t  in t roduced i n t o  t h e  
engines which c u r r e n t l y  powers some commercial 
a i r c r a f t .  Such a s i n g l e  c r y s t a l  t u r b i n e  b lade  
f o r  a P r a t t  and Whitney PW2037 tu rbo fan  engine i s  
shown i n  F ig .  1. S ing le  c r y s t a l  t u r b i n e  blades 
have now accumulated tens  o f  m i l l i o n s  o f  hours o f  
s e r v i c e  i n  b o t h  c i v i l i a n  and m i l i t a r y  a i r c r a f t .  
The opera t i ng  cond i t i ons  f o r  some t u r b i n e s  i n  
advanced r o c k e t  engines a re  i n  some respects  more 
severe than  f o r  a i r c r a f t  t u r b i n e  engines. S ing le  
c r y s t a l  a i r f o i l s  are now being evaluated f o r  some 
a p p l i c a t i o n s  i n  t h e  space s h u t t l e  main engine (SSME) 
and s i m i l a r  p ropu ls ion  systems. T h i s  paper w i l l  
r ev iew  se lec ted  m a t e r i a l s  requirements f o r  rocke t  
engine t u r b i n e  a i r f o i l s  w i t h  p a r t i c u l a r  emphasis 
on t h e  s u i t a b i l i t y  o f  s i n g l e  c r y s t a l  nickel-base 
supera l loys.  
Background 
The Space S h u t t l e  uses t h r e e  SSME's du r ing  
launch. The h i g h  pressure f u e l  and h i g h  pressure 
o x i d i z e r  pumps are bo th  d r i v e n  by combustion t u r -  
b ines  which operate under c o n d i t i o n s  which d i f f e r  
f rom a i r  b rea th ing  a i r c r a f t  t u rb ines .  The operat- 
i ng c o n d i t i o n s  f o r  advanced r o c k e t  engine h i g h  
pressure turbopump t u r b i n e s  and a i r c r a f t  t u rb ines  
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are compared i n  Table 1. O f  p a r t i c u l a r  s i g n i f i -  
cance i s  t h e  f a c t  t h a t  r o c k e t  t u r b i n e s  may operate 
i n  a hydrogen o r  hydrogen combustion environment 
a t  h i g h  pressure. T h i s  r e s u l t s  i n  very h i g h  heat  
t r a n s f e r  c o e f f i c i e n t s  and r e s u l t a n t  severe temper- 
a t u r e  t r a n s i e n t s  b o t h  i n  t h e  gas stream and meta l  
pa r t s .  F igu re  2 i s  a schematic diagram comparing 
t h e  m a t e r i a l s  ope ra t i ng  rea lm f o r  SSME and a i r -  
c r a f t  t u r b i n e  a i r f o i l  ma te r ia l s .  Note t h a t  t h e  
more severe thermal t r a n s i e n t s  i n  t h e  r o c k e t  
engine t u r b i n e s  cause a g r e a t e r  s t r a i n  range t h a n  
i s  experienced i n  a i r c r a f t  t u rb ines .  While t h e  
goal l i f e  o f  7.5 h r  (55 launches) appears t o  be 
modest f o r  t h e  SSME, t h e  severe low and h i g h  c y c l e  
f a t i g u e  c o n d i t i o n s  imposed on t h e  t u r b i n e  blades 
i n  a hydrogen environment have so f a r  prevented 
achievement of t h e  des ign l i f e  goal. 
t h e  r e l a t i v e  m e r i t s  o f  severa l  c lasses o f  mater- 
i a l s  t o  lengthen t h e  s e r v i c e  l i f e  o f  t h e  t u r b i n e  
b lade f o r  an advanced r o c k e t  engines l i k e  t h e  
SSME.? The m a t e r i a l s  considered are shown i n  
Table 2. 
c r y s t a l  supera l l oys  warrant  development f o r  t u r -  
b ines opera t i ng  a t  870 " C .  
s i n g l e  c r y s t a l  a l l o y  would be one which would be 
r e s i s t a n t  t o  p r o p e r t y  degradat ion i n  h i g h  pressure 
hydrogen and have f a t i g u e  p r o p e r t i e s  super io r  t o  
those s i n g l e  c r y s t a l  a l l o y s  c u r r e n t l y  developed 
f o r  a i r c r a f t  propuls ion.  
A s tudy was performed by Rocketdyne t o  assess 
The s tudy concluded t h a t  advanced s i n g l e  
A u s e f u l  advanced 
S i n g l e  C r y s t a l  Superal loys 
Mechanical Behavior 
S ing le  c r y s t a l  supera l l oys  o f f e r  improved 
s t r e s s  r u p t u r e  l i f e ,  low and h i g h  c y c l e  f a t i g u e  
l i f e  compared t o  d i r e c t i o n a l l y  s o l i d i f i e d  ( D S )  
p o l y c r y s t a l l i n e  supera l loys.  F igu re  3 compares 
those t h r e e  mechanical p r o p e r t i e s  f o r  NASAIR 100 
s i n g l e  c r y s t a l s  and DS MAR-M 247,2 t h e  DS a l l o y  
f rom which NASAIR 100 was de r i ved  by e l i m i n a t i n g  
carbon, c o b a l t  and boron. Thermal shock t e s t i n g  
o f  s i n g l e  c r y s t a l  a i r f o i l  shapes i n  a r i g  which 
s imulates SSME t r a n s i e n t s  demonstrated g rea te r  
than 70 p r c e n t  l i f e  improvement over MAR-M 246+Hf 
a i r f o i l s . $  While t h e  s i n g l e  c r y s t a l  supera l l oys  
o f f e r  improvement over  DS a l l o y s  which are cur-  
r e n t l y  b i l l  o f  m a t e r i a l s  i n  t h e  SSME, s t i l l  f u r -  
t h e r  improvements appear t be achievable by t h e  
use o f  advanced processes.' These w i l l  be d i s -  
cussed 1 ater .  
a l l o y s  a re  h i g h l y  an i so t rop i c .  The da ta  compar- 
i s o n  i n  F ig .  3 i s  f o r  c r y s t a l s  a l l  o r i e n t e d  w i t h  
an edge o f  t h e  cub ic  c r y s t a l  p a r a l l e l  t o  t h e  
Mechanical p r o p e r t i e s  o f  s i n g l e  c r y s t a l  super- 
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app l i ed  load. Young's modulus a t  room temperature 
v a r i e s  f rom about 124 GPa f o r  t h e  cube edge d i rec -  
t i o n ,  < loo>  t o  about 290 GPa f o r  t h e  cube body 
d iagonal  d i r e c t i o n ,  till>. S i m i l a r l y  y i e l d  
s t rength,  u l t i m a t e  s t rength and o the r  mechanical 
p r o p e r t i e s  are dependent on t h e  c r y s t a l l o g r a p h i c  
o r i e n t a t i o n  o f  t h e  sample o r  b lade and must be 
considered i n  t h e  design. The e f f e c t  o f  o r i e n t -  
a t i o n  on t h e  LCF l i f e  o f  a s i n g l e  c r y s t a l  a l l o y  
i s  shown i n  Fig. 4. It can be seen t h a t  when t h e  
t o t a l  s t r a i n  range i s  constant, t h e  g rea tes t  l i f e  
i s  f o r  c r y s t a l s  having a <loo> o r i e n t a t i o n  and t h e  
s h o r t e s t  l i f e  i s  f o r  c r y s t a l s  hav ing a till> o r i -  
en ta t i on .  If, however, t h e  s t r a i n  i s  normalized 
by  m u l t i p l y i n g  by the  modulus, a l l  t h r e e  o r ien ta -  
t i o n s  s tud ied  f a l l  on the s a w  l i ne .4  
Advanced Processes 
One f a i l u r e  mode causing severe l i f e  l i m i t a -  
t i o n  i n  t h e  SSME i s  fa t igue.  I n  convent ional  car- 
bon bear ing superal loys, f a i l u r e  i n i t i a t i o n  i s  
o f t e n  associated w i t h  carbides. Because most 
s i n g l e  c r y s t a l  supera l loys con ta in  no i n t e n t i o n a l l y  
added carbon, t h e  crack i n i t i a t i o n  s i t e  i s  t y p i -  
c a l l y  a t  a pore. 
produce low p o r o s i t y  c a s t i n  s i s  h i g h  g rad ien t  
d i r e c t i o n a l  so l  i d i f  i c a t  i o n  .' Sing1 e c r y s t a l  s 
grown a t  250 'C/cm were found t o  have about 
0.1 percent  p o r o s i t y  compared t o  0.5 percent  f o r  
those grown a t  50 'C/cm. The l a t t e r  g rad ien t  i s  
t y p i c a l  o f  t h e  h ighest  g rad ien ts  commercial ly 
ava i l ab le .  
s t r a t e d  about an order o f  magnitud: improvement 
i n  h i g h  c y c l e  f a t i g u e  l i f e  a t  870 C compared t o  
c r y s t a l s  grown a t  50 'C/cm as shown i n  F ig .  5. 
Current ly ,  t h e r e  i s  no comnerical p roduc t i on  cap- 
a b i l i t y  having t h e  higher thermal g rad ien t .  
t h e  use o f  h o t  i s o s t a t i c  press ing (HIP). 
been used t o  reduce the amount and s i z e  o f  p o r o s i t y  
i n  supera l l oy  cast ings f o r  over  a decade. F igu re  6 
shows t h a t  t h e  app l i ca t i on  o f  H I P  t o  an experimen- 
t a l  s i n g l e  c r y s t a l  supera l loy can increase i t s  LCF 
1 i f  e t h r e e f o l d  . 
The a p p l i c a t i o n  o f  H I P  t o  improve f a t i g u e  
p r o p e r t i e s  appears t o  o f f e r  t h e  bes t  near term 
o p p o r t u n i t y  f o r  s ing le  c r y s t a l  supera l loys.  How- 
ever  t h e  process needs t o  be adapted f o r  t h e  
p a r t i c u l a r  a l l o y  and component. E a r l i e r  i t  was 
mentioned t h a t  most s ing le  c r y s t a l  supera l loys 
have no i n t e n t i o n a l l y  added carbon. I f  carbon 
should i n a d v e r t e n t l y  contaminate t h e  component 
d u r i n g  HIPing, t h e  i n c i p i e n t  m e l t i n g  p o i n t  o f  t h e  
a l l o y  would be reduced and i t  may no longer  be 
capable o f  being p roper l y  heat t reated.  Carbides 
might  a l so  p r e c i p i t a t e  i n  t h e  a l l o y  and become 
crack i n i t i a t i o n  s i t e s  i n  serv ice.  F i g u r e  7 
demonstrates t h a t  carbon i m p u r i t i e s  i n  t h e  H I P  
atmosphere can r e a c t  w i t h  t h e  a l l o y  and cause both 
i n c i p i e n t  m e l t i n g  and ca rb ide  p r e c i p i t a t i o n .  
t h i s  experimental H I P  run, a carbon-free s i n g l e  
c r y s t a l  a l l o y  was HIPed i n  an autoc lave which had 
a carbon furnace. We b e l i e v e  t h a t  t h e  carbon 
reac ted  w i t h  res idua l  oxygen i n  t h e  vessel t o  
cause a c a r b u r i z i n g  atmosphere. The added carbon 
reduced t h e  i n c i p i e n t  m e l t i n g  p o i n t  t o  below t h e  
working temperature and some m e l t i n g  o f  t h e  sample 
occurred. Carbides p r e c i p i t a t e d  on c o o l i n g  f rom 
t h e  H I P  temperature. One must c a r e f u l l y  c o n t r o l  
One processing method t h a t  has been shown t o  
The c r y s t a l s  grown a t  250 "C/cm demon- 
An a l t e r n a t i v e  method o f  reducing p o r o s i t y  i s  
I t  has 
I n  
2 
t h e  atmosphere du r ing  t h e  H I P  process t o  avoid 
such m ic ros t ruc tu res .  
added t o  c a s t  p o l y c r y s t a l l i n e  supera l l oys  t o  
s t rengthen t h e i r  g r a i n  boundaries. 
s i n g l e  c r y s t a l  a l l o y s  do n o t  have those elements 
t o  a l l o w  h ighe r  temperature s o l u t i o n  heat t r e a t -  
ment, ca re  must be taken t o  avoid us ing  p a r t s  
which i n a d v e r t e n t l y  con ta in  a d d i t i o n a l  gra ins.  
F i g u r e  8 i s  an example o f  a t u r b i n e  b lade which 
was thought  t o  have been a s i n g l e  c r y s t a l  when i t  
was r u n  f o r  about 2 h r  i n  a r o t a t i n g  r i g  t e s t  a t  
e leva ted  temperature.2 
designed t o  operate severa l  thousand hours a t  a 
temperature g rea te r  than t h a t  t o  which t h i s  was 
exposed, b u t  as can be seen i n  t h e  f i g u r e  t 9 e  
b lade  cracked. I t  was l a t e r  concluded t h a t  t h e  
b lade had received abusive handl ing p r i o r  t o  t h e  
s o l u t i o n  heat t reatment  and r e c r y s t a l l i z e d  d u r i n g  
t h e  s o l u t i o n  heat  treatment. It should be noted, 
however, t h a t  r e c r y s t a l l i z a t i o n  may occur d u r i n g  
t h e  c a s t i n g  process o r  d u r i n g  t h e  H I P  process. 
Thus, a l l  processes must be c a r e f u l l y  c o n t r o l l e d  
and inspec t i on  methods must be i n  p lace  t o  assure 
t h a t  o n l y  h i g h  q u a l i t y  s i n g l e  c r y s t a l  blades e n t e r  
serv ice.  
Carbon and boron a re  u s u a l l y  i n t e n t i o n a l l y  
Since t h e  
The b lade was i n  f a c t  
Rocketdyne i s  s tudy ing  s i n g l e  c r y s t a l  super- 
a l l o y s  c a s t  by convent ional  thermal g r a d i e n t  and 
commerical ly a v a i l a b l e  h i g h  g rad ien t  c a s t i n g  pro- 
cesses f o r  a p p l i c a t i o n  as SSME t u r b i n e  blades i n  
c o n t r a c t  NAS3-24646. The t e s t  m a t e r i a l s  made b y  
bo th  c a s t i n g  processes w i l l  be subjected t o  H I P  
process ing and i t  i s  a n t i c i p a t e d  t h a t  a s u i t a b l e  
process w i l l  be i d e n t i f i e d  f o r  manufacturing 
s i n g l e  c r y s t a l  t u r b i n e  blades w i t h  improved 
f a t i g u e  res i s tance .  
SSME program, Rocketdyne i s  a l s o  eva lua t i ng  t h e  
use o f  conven t iona l l y  processed and HIP'ed s i n g l e  
c r y s t a l s  f o r  a p p l i c a t i o n  i n  t h e  h igh  pressure 
pumps. 
As a p a r t  o f  t h e  o v e r a l l  
Other Considerations: 
The SSME t u r b i n e  blades a i r f o i l s  operate i n  
a hydrogen - steam mixture.  Cooler reg ions  such 
as t h e  d o v e t a i l  are exposed t o  e s s e n t i a l l y  pure 
hydrogen i n  t h e  f u e l  pump. The e f f e c t s  o f  hydro- 
gen on t h e  mechanical p r o p e r t i e s  must t h e r e f o r e  
be considered. I t  i s  g e n e r a l l y  accepted t h a t  f o r  
nickel-base supera l loys,  t h e  g r e a t e s t  degradat ion 
i n  p r o p e r t i e s  i s  most l i k e l y  t o  occur near room 
temperature r a t h e r  than a t  extreme cryogenic  o r  
e levated temperatures. 
To screen candidate a l l o y s  room temperature 
t e n s i o n  t e s t s  o f  bo th  smooth and notch bars were 
performed i n  34 MPa hydrogen and hel ium i n  t h e  
< loo>  d i r e c t i o n .  The t e n s i l e  s t r e n g t h  o f  seve ra l  
s i n g l e  c r y s t a l  supera l l oys  i n  he l ium i s  shown i n  
F ig .  9. Note t h a t  a l l  a l l o y s  a re  notch s t reng th -  
ened i n  He. F i g u r e  10 shows t h e  t e n s i l e  s t r e n g t h  
o f  t h e  same a l l o y s  t e s t e d  i n  hydrogen. note t h a t  
most a l l o y s  have s i g n i f i c a n t l y  reduced notch 
s t r e n g t h  compared t o  smooth b a r  strength. 
degradat ion o f  t h e  notch s t r e n g t h  i n  hydrogen i n  
summarized i n  Fig. 11 which shows t h e  r a t i o  o f  t h e  
no tch  s t r e n g t h  i n  hydrogen t o  t h a t  i n  helium. The 
d a t a  appears t o  f a l l  i n t o  t h r e e  groups. The bes t  
a l l o y s ,  AF56 and N-5, have a r a t i o  o f  0.84 an a re  
s i g n i f i c a n t l y  super io r  t o  a l l  o thers.  
i n te rmed ia te  group of a l l oys ,  PWA 1480, RR2000 




should be noted t h a t  i n  a subsequent t e s t  s e r i e s  
PWA 1480 had a notch r a t i o  o f  0.59). The remain- 
i n g  a l l o y s  have a r a t i o  below 0.4. 
c r y s t a l  f o rm o f  t h e  c u r r e n t  b i l l  o f  m a t e r i a l s  f o r  
t h e  SSME, MAR M-246, has a r a t i o  o f  0.18 and does 
n o t  s i g n i f i c a n t l y  d i f f e r  f rom the  DS form. 
a l l o y ,  CMSX-2 was g iven two d i f f e r e n t  heat t r e a t -  
ments. 
was v i r t u a l l y  unchanged. While t h e r e  has been a 
g r e a t  d i f f e r e n c e  i n  t h e  behaviour o f  t h e  a l l o y s  
s tud ied,  t o  da te  we have been unable t o  r a t i o n -  
a l i z e  t h e  d i f f e r e n c e s  among a l l oys .  
b y  t h e  a l l o y s  p r i o r  t o  f r a c t u r e  i s  lower f o r  spec- 
imens t e s t e d  i n  hydrogen. 
micrographs i n  F ig .  12 compare secondary cracks on 
t h e  su r face  o f  N-5 samples t e s t e d  i n  He and H2. 
I t  can be seen t h a t  t h e  l i t t l e  p l a s t i c i t y  i s  
apparent i n  t h e  H2 t e s t e d  m a t e r i a l  compared t o  
t h e  one t e s t e d  i n  He. 
The de t r imen ta l  e f f e c t  o f  p o r o s i t y  on t h e  
The s i n g l e  
One 
I t  can be seen t h a t  t h e  e f f e c t  o f  hydrogen 
The amount o f  p l a s t i c  deformation susta ined 
The scanning e l e c t r o n  
f a t i g u e  l i f e  o f  s i n g l e  c r y s t a l  supera l loys was c i t e d  
e a r l i e r .  Recent research has a l s o  shown t h a t  
hydrogen embr i t t lement  i s  enhanced by t h e  
Thus, when t h e  m a t e r i a l  i s  exposed t o  c o n d i t i o n s  
which might  be expected t o  a l l o w  t h e  hydrogen t o  
escape f rom t h e  pa r t ,  t h e  hydrogen may be r e t a i n e d  
i n  t h e  pore and s t i l l  cause embrit t lement. 
The an iso t ropy  o f  t h e  mechanical p r o p e r t i e s  
o f  s i n g l e  c r y s t a l  supera l loys was b r i e f l y  discus- 
sed e a r l i e r .  A h i g h  degree o f  an i so t ropy  i s  a l so  
observed i n  t h e  e f f e c t  o f  hydrogen on a s i n g l e  
c r y s t a l  supera l loys.  F igu re  13 summarizes t h e  
degradat ion o f  notch t e n s i l e  s t r e n g t h  o f  PWA 1480 
i n  room temperature hydrogen. 
d a t i o n  occurs f o r  t h e  <loo> d i r e c t i o n ,  w h i l e  t h e  
l e a s t  i s  f o r  t h e  till> d i r e c t i o n .  
between t h e  0.59 notch r a t i o  shown here and t h e  
0.49 shown p r e v i o u s l y  i s  be l i eved  t o  r e f l e c t  d i f -  
ferences i n  t h e  t e s t  l o t s  and may n o t  be s i g n i f i -  
cant.) 
i s  n o t  understood a t  t h i s  tirne. The i m p l i c a t i o n s  
o f  t h i s  an i so t ropy  on t h e  design o f  blades are 
be ing  evaluated. 
resence 
o f  i n t e r n a l  vo ids  which t r a p  t h e  hydrogen. 9 
The g r e a t e s t  degra- 
(The d i f f e r e n c e  
The reason f o r  t h e  degradat ion i n  anisotropy 
Concluding Remarks 
S i n g l e  c r y s t a l  t u r b i n e  blades a re  i n  commer- 
i c a l  and m i l i t a r y  se rv i ce  i n  gas t u r b i n e  powered 
a i r c r a f t .  An obvious extens ion o f  those appl ica-  
t i o n s  i s  t h e  use o f  s i n g l e  c r y s t a l  m a t e r i a l s  f o r  
a i r f o i l s  i n  t h e  t u r b i n e s  i n  rocke t  engines. 
r e n t  technology s i n g l e  c r y s t a l  a l l o y s  o f f e r s  t h e  
p o t e n t i a l  f o r  improved l i f e  i n  SSME t u r b i n e s  and 
advanced processing o f f e r s  p o t e n t i a l  f o r  even 
g r e a t e r  improvements. Programs are c u r r e n t l y  i n  
progress t o  evaluated t h e  p o t e n t i a l  f o r  s i n g l e  
c r y s t a l  a l l o y s  f o r  r o c k e t  engines f o r  earth-to- 
o r b i t  p ropu ls ion  systems and i t  i s  expected t h a t  
these newly developed a l l o y s  w i l l  soon be f l i g h t  
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TABLE I. - COMPARISON OF ROCKET ENGINE AND AIRCRAFT ENGINE 
TURBINE OPERATIONS 
Rocket engines I tern A i r c r a f t  engines 
Fuel 
Oxidizer 
Pressure, p s i  
Speed, rpm 
T ip  speed, f t l s e c  
Horsepower/ b l  ade 
I n l e t  temperature, O F  
Heat t a n s f y  c o e f f i c i e n t  
Thermal t r a n s i e n t s  
F / sec 
Star ts  
L i f e ,  h rs  
B t u l f t  5 hr- F 
Hydrogen o r  methane 
Oxygen 
5 500 p s i  
36 000 t o  110 000 
1 850 
6 30 
1 600 t o  2 200 
54 000 
Petroleum d i s t i  11 a te  
A i r  
400 
1 5  000 
1 850 
200 t o  500 
2 600 
500 
32 000 I 100 
I 
55 t o  700 I 2 400 
8 000 7.5 t o  100 I 
TABLE 11. - POTENTIAL ADVANCED 
BLADE MATERIALS 
D i r e c t i o n a l l y  s o l i d i f i e d  MAR-M 246+Hf 
S i n g l e  c r y s t a l  supera l l oys  
D i r e c t i o n a l l y  s o l i d i f i e d  e u t e c t i c  a l l o y s  
F i b e r  r e i n f o r c e d  supera l l oys  
Rap id  s o l i d i f i c a t i o n  s u p e r a l l o y s  
M o n o l i t h i c  ceramics  
FIGURE 1. - SINGLE CRYSTAL TURBINE BLADE 
USED I N  PdWA 2037 ENGINE. 
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FIGURE 2. - COMPARISON OF SSME AND AERO TURBINE BLADE MATERIALS OPERATING REGIMES. 
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FIGURE 5. - HIGH GRADIENT SOLIDIFICATION IMPROVES HIGH CYCLE 




















FIGURE 6. - HIP IMPROVES LCF L I F E  OF SINGLE CRYSTALS. 
DATA FROM JABLONSKI AND SARGENT 
7 
ALLOY CMSX 2 
H I P  2 HR, 2380 OF 
FIGURE 7. - H I P  ATMOSPHERE CAN CAUSE CARBURIZATION AND MELTING. 
8 
. 
BLADE A25 CRACK OPENED FOR STUDY 
BLADE A41 
APPROX. 1 HR I N  ROTOR R I G  
FIGURE 8. - SINGLE CRYSTAL ALLOYS WILL NOT TOLERATE RECRYSTALLIZATION. 
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PRESSURE = 34 MPA 
SMOOTH BARS NOTCHED BARS 
1000 500 1000 1500 
1128 AF 56 
1142 N-5 
1152 PWA 1480 
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FIGURE 9. - TENSILE STRENGTH OF SINGLE CRYSTAL SUPERALLOYS I N  HIGH PRESSURE HELIUM. 
PRESSURE = 34 MPA 
SMOOTH BARS NOTCHED BARS 
1000 500 0 0 500 1000 
AF 56 1297 
N-5 1205 
PWA 1480 740 
RR 2000 664 
N4 678 
CMSX-4C 547 
SC 180 462 
SRR 99 349 
MAR M 246 212 
CMSX-2 0 270 
CMSX -2 CM 216 
STRENGTH, MPA 
FIGURE I O .  - TENSILE STRENGTH OF SINGLE CRYSTAL SUPERALLOYS I N  HIGH PRESSURE HYDROGEN. 
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FIGURE 12. - TENSILE TESTS I N  HYDROGEN HAVE LITTLE PLACIDITY. 
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FIGURE 13. - ANISOTROPY OF DEGRADATION OF STRENGTH I N  HIGH PRESSURE 
HYDROGEN OF A SINGLE CRYSTAL SUPERALLOY, PWA 1480. 
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